Objective To determine whether semiautomatic volumetric software can differentiate part-solid from nonsolid pulmonary nodules and aid quantification of the solid component. Methods As per reference standard, 115 nodules were differentiated into nonsolid and part-solid by two radiologists; disagreements were adjudicated by a third radiologist. The diameters of solid components were measured manually. Semiautomatic volumetric measurements were used to identify and quantify a possible solid component, using different Hounsfield unit (HU) thresholds. The measurements were compared with the reference standard and manual measurements. 
Introduction
Lung cancer screening with computed tomography (CT) has increased the awareness of a specific subtype of pulmonary nodules-the subsolid nodule (SSN). SSNs can be subdivided into pure nonsolid nodules and part-solid nodules. A non-solid nodule consists only of ground glass, which is defined as increased lung attenuation with preservation of the bronchial and vascular margins. In a part-solid nodule, the solid part of the nodule completely obscures the underlying lung parenchyma. Persistent SSNs have a high likelihood of malignancy, with reported malignancy rates ranging from 19 to 79 % [1, 2] .
Precise assessment of the change in diameter of pulmonary nodules on follow-up CT is essential for the evaluation of nodules in lung cancer screening and routine care. For the evaluation of solid pulmonary nodules three-dimensional volumetric assessment has been shown to be more accurate than two-dimensional measurements [3] [4] [5] .
SSNs are less dense and less well circumscribed than solid nodules and thus more difficult to measure accurately manually or by semiautomatic volumetry. For SSNs, mass has been reported to be a more sensitive parameter to detect progression than volume [6] . Mass, being the product of volume and physical density of the nodule, has the advantage that progression of the nodule will not only depend on an increase in volume, but also progression of a solid component or the appearance thereof will be reflected in this parameter.
In 2013, the Fleischner Society published recommendations for the management of SSNs [7] . It is recommended to measure the diameter of the solid components and to determine the percentage of solid versus ground-glass components of SSNs. This is important because it has been shown that the greater the extent of the solid component, the more likely the lesion will be an invasive adenocarcinoma with an associated poorer prognosis [8] [9] [10] [11] [12] [13] [14] [15] . An SSN with a solid component larger than 5 mm should be considered malignant until proven otherwise, and important decisions to possibly resect a nodule are based on this cut-off. This makes an accurate and reproducible method to assess the diameter of the solid component mandatory.
The percentage of ground-glass component of the partsolid SSN can be calculated or determined in different ways. Some calculations are based on the diameter of the different components, and others on the size of the area. Furthermore, different values for the window level and width are used. Aoki et al. used electronic calipers to measure the dimensions of the SSN and the solid component on a lung window [8] . The ground glass opacity (GGO) ratio of the SSN is then based on the dimension of the diameter of the solid part divided by the diameter of the whole nodule (Fig. 1) . Other papers report the calculation of the percentage of ground glass area based on the difference of the area total nodule on lung window minus the area the solid component on the mediastinal window with a mean of 40 and a window of 400. This is referred to as the vanishing ratio method [15] or the tumour disappearance rate (TDR) [11, 12] , although the ground glass component does not disappear, it becomes invisible on mediastinal windows. This principle has been adopted by the Fleischner Society. In their recommendations [7] it is stated that the solid component should be evaluated with a mediastinal window and the nodule including the ground-glass component should be measured with a lung window when electronic calipers are used.
In previous studies (Scholten et al., 2014 , Subsolid pulmonary nodules detected during lung cancer screening: towards a close follow-up approach?, submitted in European Respiratory Journal and [16] ) we measured diameter, volume and mass of SSNs with dedicated volumetric software [17] . The aim of the present study was to determine whether this software could differentiate part-solid from nonsolid nodules and quantify the diameter of the solid component at least similar to human observers performing manual measurements.
Material and methods

Subjects
This study is part of the Dutch-Belgian multi-centre randomized low-dose CT lung cancer screening (NELSON) trial. The Minister of Health of the Netherlands and the ethics committees of the participating hospitals approved the NELSON study (number, ISRCTN63545820). Written informed consent was obtained from all participants. For the present study, we included the last CT from all participants with one or more SSNs (total number 115) from the Dutch centres (University Medical Center Groningen, University Medical Center Utrecht and Kennemer Gasthuis, Haarlem, the Netherlands).
CT imaging protocol CT screening was performed at baseline and 1,3.5 and 5.5 years after baseline plus additional follow-up CT examinations in case indeterminate nodules were detected [18] . Multidetector-row systems (Somatom Sensation 16, Siemens Medical Solutions, Mx8000 IDT or Brilliance-16, Philips Medical Systems, Cleveland, OH) were used with 16× 0.75 mm collimation and pitch 1.3. Unenhanced full inspiration CTs were acquired with 30 mAs at 120 kVp for patients weighing less than 80 kg, and with 30 mAs at 140 kVp for those weighing more. Axial 1.0-mm images were reconstructed at 0.7-mm increment with a 512×512 matrix, using a moderately soft kernel and the smallest field of view that included both lungs. In the trial, CTs were read for SSNs.
Observer protocol
Reference standard for nonsolid and part-solid pulmonary nodules
Two radiologists with more than 10 years' experience with SSNs were asked independently if the nodule was, in their opinion, either nonsolid or part-solid. In case of disagreement, a third chest radiologist with more than 10 years' experience with SSNs decided on the nature of the nodule. This resulted in a human reference standard for all nodules. Interobserver agreement for the presence of a solid component was calculated for the two observers.
Semiautomatic segmentation of the solid component of part-solid nodules
We previously measured diameter, volume and mass for the 115 SSNs (CIRRUS Lung, Diagnostic Image Analysis Group, Nijmegen, the Netherlands, Fraunhofer MEVIS, Bremen, Germany). This prototype software program has been described previously [17] and was adapted to handle SSNs. The user can either click a centre point or draw a stroke on the largest diameter of the nodule as an input to the algorithm. Based on this user input, a volume of interest (VOI) is automatically defined around the nodule. An initial segmentation is acquired by region growing using thresholds applicable to subsolid nodules. The default value for the lower threshold is −750 HU, and for the higher threshold −150 HU. If the segmentation is found to be acceptable the result can be stored after this single input. Two parameters, density threshold value and roundness versus irregularity, can be adjusted by the user of the program to optimize the segmentation if this is felt to be necessary by the observer. This requires an extra mouse click for every adaption of the segmentation until the result is acceptable to the observer.
Finally, a sequence of morphological operations is used to remove the chest wall and adjacent vessels, if applicable.
For the present study, we added segmentation of the solid component. To determine the most suitable segmentation threshold we used seven different lower thresholds ranging from −500 to −200 HU, increasing the lower threshold in steps of 50 HU. The upper threshold was fixed at 15,000 HU.
A mediastinal window with a mean of 40 and a window width of 400 implies that only the part of the SSN with densities higher than −160 HU will be visible in the image. So additionally, we performed the segmentations using an eighth lower threshold of −160 HU in order to compare our segmentation with the manual measurements to a mediastinal setting as recommended by the Fleischner recommendations. On the basis on the results of these eight segmentations, we decided to perform an extra ninth segmentation with a lower threshold of −130 HU. The centre of the nodule was preset on the basis of the previous segmentation of the whole SSN. The images show a zoomed nodule in cross-section with the three zoomed in axial (top), coronal (middle) and sagittal (bottom) planes next to it, respectively (Fig. 1) . The observer could scroll through the images in all three planes. The segmentation of the solid component was indicated by a continuous line.
For the semiautomatic measurements an apparent solid component of any dimension was considered positive and thus indicative of a part-solid SSN. Measurements in which the software could not segment any solid area were considered negative and indicative of a nonsolid SSN.
Statistical analysis
Data are presented as mean and standard deviation (SD) or median and interquartile range (IQR). Observer agreement for the manual measurements on the mediastinal and lung window was calculated using an intraclass correlation coefficient and for a nonsolid versus part-solid as Cohen kappa. A paired Student t test was used for the difference between the semiautomatic segmentation of the solid component and the average of the two manual measurements, and a Fisher's exact test for the difference in the detection of a solid component greater than 5 mm. A Pearson correlation coefficient was used to study the relation between the lower threshold and the measured diameter of the solid component. Sensitivity, specificity, positive predictive value (PPV) and negative predictive value (NPV) were calculated for the presence of a solid component for the eight semiautomatic segmentations and for the manual measurements.
A McNemar's test and the area under the curve (AUC) from the ROC analysis were performed.
P values less than 0.05 were considered significant. Statistical analysis was performed with software (IBM SPSS version 20, SPSS, Chicago).
Results
Visual SSN evaluation
In 78 out of the 115 cases (67.8 %) both observers agreed on the part-solid and in 23 cases (20.0 %) on the nonsolid character of the SSN. In 14 cases (12.1 %) they disagreed, in six cases only observer 1 considered the SSN to be part-solid, in eight cases only observer 2. Those 14 cases were adjudicated by the third reader to part-solid (n=8) or nonsolid (n=6). After this third reading 86 SSNs were labelled part-solid and 29 nonsolid. Observer agreement was good with a Cohen kappa value of 0.68 (Table 1) .
Semiautomatic segmentation of the solid component
In three cases of bubbly SSNs, a single solid component could not be indentified and segmented. In five more cases, a vessel running through the SSN precluded a good segmentation of the solid component. These eight cases were excluded, resulting in 107 cases available for further evaluation: 83 (77.6 %) part-solid and 24 (22.4 %) nonsolid nodules. In nine cases the segmentation had to be adjusted in one or more thresholds by replacing the seed point because a vessel was partly segmented.
Detection of the solid component
Sensitivity and specificity of detecting the solid component was dependent on the threshold chosen (Table 2 ; Fig. 2a, b) . Sensitivity/specificity ranged from 99 %/42 % for −500 HU to 65%/88% for −160 HU, respectively. A low threshold of Table 3) .
Diameter of the solid component with various thresholds
The mean diameter of the apparent solid component depended on the threshold and the diameters varied by about a factor 3 in the first eight segmentations from 2.7 mm (SD 2.76 mm) at −160 HU to 7.3 mm (SD 3.83 mm) at −500 HU ( Table 4) . The relationship between threshold and diameter of the solid component was nearly linear (Pearson correlation −0.99, Fig. 3 ). Manual measurement of the solid component with a mediastinal window (40/400 HU) resulted in a mean diameter of 2.4 mm (SD 2.6 mm) for observer 1 and 2.2 mm (SD 2.8 mm) for observer 2. Agreement between observers was good with intraclass correlation coefficients of 0.781. Mean measurement of the two observers was 2.3 mm (SD 2.5 mm). This was significantly smaller (17 %) than the semiautomatic measurements at −160 HU with a mean diameter of 2.7 mm (SD 2.8 mm) (p=0.03). Because of this significant difference we decided to add an extra, ninth segmentation with the sole purpose of investigating whether we could decrease this difference to almost zero. On the basis of this linear relationship between the lower threshold and the measured diameter of the solid core we calculated that a segmentation with a lower threshold of −130 HU would result in a mean diameter of the solid component of 2.29 mm. This ninth segmentation actually resulted in a mean diameter of 2.40 mm (SD 2.67 mm). This was not significantly different from the manual measurements (p=0.63).
The automatic segmentations with a lower threshold of −160 HU resulted in 18, and with a lower threshold of −130 HU resulted in 15 lesions with a solid component larger than 5 mm while manual measurements resulted in only 13 lesions with a solid component larger than 5 mm. The difference between the automatic segmentations and the manual measurements was not significant (p = 0.29 and 0.41, respectively).
Discussion
Our study focused on the role of semiautomatic segmentation in the implementation of the Fleischner Society recommendations for SSN management. Volumetry of solid pulmonary nodules has been shown to be more accurate and reproducible than two-dimensional measurements [5] . As it is conceivable that automated analysis reduces observer variation, semiautomatic segmentation may prove useful for the diagnosis of solid components and measurement of growth of SSNs. We showed that semiautomatic segmentation can detect a solid component and thus diagnose the part-solid nature of an SSN with a good accuracy. We think that a lower threshold of −300 HU with a sensitivity of 90 % and a specificity of 88 % is a good compromise between the number of false positives and false negatives. However the exact choice of the threshold will depend on the emphasis that an individual screening program wants to place in the trade-off between optimization of specificity or sensitivity. Furthermore, semiautomatic segmentation was able to measure the diameter of the solid component similar to manual measurements. Consequently it can differentiate between solid components larger or smaller than 5 mm. This diameter is considered critical by the Fleischner Society. According to their recommendations, a persistent or growing solid component greater than 5 mm should be considered malignant until proven otherwise. Therefore, the semiautomatic software can help to distinguish nodules that should be resected from those that can be Manual measurement with mediastinal window is equivalent to semiautomatic measurement with a lower threshold of −130 HU. Manual measurement with lung window turns out to be best comparable with semiautomatic measurement with a lower threshold of −300 HU followed, but thresholds are of crucial importance. When using a lower threshold of −160 HU (mediastinal setting) as proposed by the Fleischner Society the measurement of the diameter of the solid component increases by on average 17 % when compared to manual measurements with a mediastinal window of 40/400. When the lower threshold is increased to −130 HU, the difference with manual measurements is reduced and is no longer significant. In the absence of a proper reference standard these cut-offs are arbitrary, but with our software −130 HU corresponds favourably to the Fleischner recommendations.
Provided a lower threshold of the segmentation of −300 HU is chosen for the measurement of the diameter of the solid component, the results are comparable with manual measurements at a lung window. Hence, the described methodology, if replicated, may prove useful in the diagnosis and follow-up of SSNs.
Numerous papers relate quantitative or semiquantitative data of SSNs to the clinical outcome in various ingenious ways. But as stated in the Fleischner recommendations [7] no consensus regarding an optimal approach has been sufficiently validated. Kakinuma et al. [15] evaluated four measuring methods for SSNs for the prediction of the clinical outcome of patients with a peripheral non-small cell lung cancer. They concluded that the vanishing ratio was the most useful predictor of the outcome. This vanishing ratio reflects the part of the tumour that disappears on the image with a mediastinal setting as compared to the image with a lung window. The same principle is applied in the tumour disappearance rate (TDR) as introduced by Takamochi et al. [11] and applied by Okada et al. [12] . They distinguished four groups of TDR: less than 25 %, between 25 and 50 %, between 50 and 75 %, and more than 75 % in their series of 127 peripheral adenocarcinomas of the lung. They concluded that their findings correlated well with histological prognostic factors. Since the TDR was over 75 % in 98 % of our cases of part-solid SSNs, this ratio was not useful to make any further differentiation in our series. The discrepancy between our results and those of Okade is probably due to the fact that we studied small SSNs, mainly part-solid nodules with a relatively small solid component.
Several other papers report on attempts for objective methods other than the calculation of GGO ratio and TDR to evaluate the quantitative aspects and characterization of an SSN [19] [20] [21] [22] [23] [24] . Some use a one-dimensional analysis [22, 24] by measuring the diameter or a combination of diameter and density of the components of an SSN on a one-dimensional histogram of the nodule. Yanagawa et al. [22] in a study of 96 adenocarcinomas concluded that for the ratio of solid component to total tumour, using the profile curves is more useful in estimating prognostic factors than visual assessment. Kitami et al. [23] concluded that a mean CT density value measured on a line through the maximum diameter of the nodule is useful to select between "follow-up or resection" strategies, and that lesions smaller than 1 cm and a mean CT density lower than −600 HU are pre-invasive. The analysis of the attenuation coefficients in a three-dimensional histogram of the SSN is another approach to differentiate premalignant from malignant SSNs (Scholten et al., 2014, Subsolid pulmonary nodules detected during lung cancer screening: towards a close follow-up approach?, submitted in European Respiratory Journal). Ikeda et al. concluded in their study that two peaks on the CT number histogram can rule out atypical adenomatous hyperplasia and that the analysis of the CT density numbers can be used to differentiate between atypical adenomatous hyperplasia and bronchoalveolar cell carcinoma and between bronchoalveolar cell carcinoma and adenocarcinoma. Maldonado et al. [24] included features of the texture of the nodule in their analysis for risk stratification of nodules of Fig. 3 Mean size of the apparent solid component in the part-solid SSNs with semiautomatic segmentation the lung adenocarcinoma spectrum. Clearly a head-to-head comparison of all these methods is beyond the scope of our article. However, when a nodule is segmented successfully, our method is straightforward and intuitive and enables both diagnosis and measurement of all crucial nodule aspects as proposed in the Fleischner recommendations.
Our study has several limitations. First, the software sometimes includes parts of a vessel passing through the SSN in the segmentation, which resulted in an apparent solid component in five SSNs that were considered nonsolid by two observers. These cases had to be excluded. In a further nine cases, the segmentation of the solid component had to be adjusted since part of a vessel was included in the segmentation. From this finding we concluded that visual inspection of the result of the semiautomatic segmentation remains necessary until this technical challenge is solved. Nevertheless, as a sufficient number of nodules remained in our analysis, we think that this limitation does not invalidate our results. Second, the system failed to segment the solid parts in three bubbly lesions, so these cases had to be excluded too (Fig. 4) . Third, we have no histological confirmation of the nature of our nodules so we were not able to make a subgroup analysis of groups with different histology and we have no proof of the nonsolid or part-solid aspect of the lesions, nor of the diameter of the solid component. Nevertheless we used three human experts to decide on the aspect of the nodule and compared semiautomatic measurements with manual measurements that are currently used.
Fourth, our results are valid only for a set of nodules that was predominantly ground-glass, and have not been tested on a sample of part-solid nodules with varying proportions of a solid component.
Finally, our results are valid only for the software we used and our thresholds need replication in an independent cohort.
In conclusion, we have shown that semiautomatic segmentation of SSNs can differentiate between nonsolid and part-solid lesions with good sensitivity and specificity provided that no vessel segments are included in the segmentation. Furthermore the diameter of the solid component of a part-solid SSN as defined by the recommendations of the Fleischner Society can be measured semiautomatically with results comparable to the manual measurements.
In combination with the diameter of the complete SSN this can be used to calculate the GGO ratio. subjects (patients) in this study. Methodology: retrospective, observational, multicentre study. Fig. 4 Bubbly lesions in which the system failed to calculated the mass of the solid parts. These cases had to be excluded
